Introduction {#s1}
============

Organic food is becoming more and more popular in today's green living style. Because utilization of synthetic pesticide, plant growth hormone, and chemical fertilizers are prohibited from organic produces, natural alternatives such as rotenone become the choice. Rotenone is a natural product extracted from the seeds and stems of several plants, such as the jicama vines. Rotenone could be quickly transformed into several major metabolites, one of which is dihydrorotenone (DHR). DHR is produced by the catalytic hydrogenation of the side chain of rotenone with elimination of the double bond. Like rotenone, DHR is also active as a pesticide but is much less toxic. The oral LD~50~ of rotenone is 300--500 mg/kg for rats, while it is more than 2.5 g/kg for DHR [@pone.0069911-Ambrose1]. Mechanistic investigations suggested that DHR bound to and inhibited the complex I in the electron transport chain, thus inhibiting mitochondrial function and decreasing ATP production [@pone.0069911-Talpade1]. Inhibition of mitochondrial function and disruption of the energy supply lead to insect death. Although DHR is non-toxic in rats, it induces Parkinsonian syndrome in the long-term treated mice [@pone.0069911-Ambrose1], which suggesting DHR is toxic to neural cells. However, whether DHR is toxic to other types of cells is not clear.

The blood system is the major target of most xenobiotics and blood cells have been developed as an efficient tool to evaluate the safety of xenobiotics. For example, gene expression profiling in monocytes exposed to xenobiotics has been proposed as a potential prediction method to evaluate toxicity of chemicals [@pone.0069911-Arkusz1]. B cells and immune systems are sensitive to foreign substances, thus B cells are the major subjects for immunotoxicity study. Primary human B cell models have been established to assess the sensitivity of antibody responses to modulation by xenobiotics [@pone.0069911-Lu1]. In the present study, we evaluated the cytotoxicity of DHR on human plasma cells, and explored the underlying molecular mechanisms. It demonstrated that DHR induced plasma cell apoptosis which was probably resulted from mitochondrial dysfunction and endoplasmic reticulum (ER) stress via activating the p38 MAP kinase. This study demonstrated that DHR is toxic to human plasma cells. Because plasma cells are a key player in the immune system and more exposure to DHR is expected with the increasing need of organic produces, caution should be taken in the assessment of DHR safety.

Materials and Methods {#s2}
=====================

Cells and Reagents {#s2a}
------------------

Human plasma cell lines (KMS11, OPM2) were originally derived from patients of plasma cell neoplasm (multiple myeloma), and were generously provided by Dr. Keith Stewart, Mayo Clinic, Scottsdale, Arizona)[@pone.0069911-Namba1]--[@pone.0069911-Katagiri1]. LP1, RPMI-8226, U266 cell lines were purchased from American Type Culture Collection (ATCC). All cells were grown in Iscove's Modified Dulbecco's medium (IMDM, Thermo Scientific HyClone) supplemented with 10% fetal bovine serum (Invitrogen), penicillin (100 units/ml), and streptomycin (100 µg/ml) in an incubator humidified with 95% air and 5% CO~2~ at 37°C. DHR was purchased from Maybridge Chemicals, UK. SB203580 and z-VAD-fmk were purchased from Beyotime Biotechnology Institute, Nantong, China.

Analysis of Apoptotic Cells by Flow Cytometry {#s2b}
---------------------------------------------

Plasma cell lines LP1, KMS11, OPM2, and U266 were plated in 24-well plates (Wuxi Nest Biotechnology Co., Ltd, Wuxi, China), and treated with DHR for 24 h followed by staining with Annexin V-fluorescein isothiocyanate (Annexin V-FITC) and propidium iodide (PI, Biouniquer, Nanjing, China) according to the manufacturer's instructions. Cells were then incubated for 10 min in dark before being subject to analysis on a flow cytometer (FACSCalibur, Becton Dickinson) as reported previously [@pone.0069911-Mao1]. To analyze whether caspase activation is involved in DHR-induced plasma cell apoptosis, KMS11 and LP1 cells were treated in the presence of pan-caspase inhibitor, followed by evaluation on caspase-3 activation by Western blotting and plasma cell apoptosis by Annexin V/PI double staining and flow cytometry.

Measurement of Mitochondrial Membrane Potential {#s2c}
-----------------------------------------------

LP1 cells were treated with DHR for 0, 10 or 20 µM for 24 h, or 10 µM for 0.5 to 24 h. Cells were then washed in phosphate buffered saline (PBS) and incubated with 25 nM tetramethylrhodamine methyl ester (TMRM, Promega) or co-incubated with 25 nM TMRM and 20 µg/ml Annexin V-FITC (Roche) in IMDM for 15 min at 37°C. The TMRM and Annexin V-FITC fluorescence were analyzed by flow cytometry.

Immunoblotting {#s2d}
--------------

After treatment, human plasma cells were washed in cold PBS and lysed in a cell lysis buffer containing 50 mM Tris-HCI, pH 7.4, 1% NP-40, 0.5% Na-deoxycholate, and 0.1% SDS, 150 mM NaCl, 2 mM EDTA, and 50 mM NaF. For the detection of phosphoproteins, 1 mM sodium orthovanadate was added to the lysis buffer. The lysates were then sonicated followed by centrifugation at 13,000×g at 4°C for 20 min. The supernatants were collected and subject for protein concentration determination by the BCA Protein Assay Kit (Beyotime). Equal amount of proteins were fractionated by SDS--polyacrylamide gel electrophoresis. Proteins were then transferred onto a PVDF membrane (Millipore). The membranes were blocked with 5% non-fat milk or 5% bovine serum albumin (BSA) in Tris-buffered saline-Triton X-100 (TBST) for 1 h at room temperature and subsequently incubated with primary antibodies overnight at 4°C. After wash with TBST, the blots were incubated with a horseradish peroxidase conjugated secondary antibody for 1 h followed by washing with TBST. The blots were visualized by an enhanced chemoluminescence (ECL) detection system (Beyotime). Primary antibody against GRP78 was purchased from Santa Cruz Biotechnology Inc.; ATF4 antibody was purchased from BD Pharmagin; Bcl-2, Mcl-1, p-p38, p-JNK, and CHOP were purchased from Cell Signaling Technology (CST). Caspase-3, -8, -9 and -12, β-actin, and anti--mouse immunoglobulin G (IgG) and anti--rabbit IgG horseradish peroxidase conjugated antibody were purchased from R&D Systems. Bim and PARP were purchased from Abcam, China. GAPDH was purchased from Abgent, China.

Statistical Analysis {#s2e}
--------------------

All experiments were repeated at least 3 times. Significant analysis was performed by Student's *t* test. Statistical significance was defined with a *p* value \<0.05.

Results {#s3}
=======

DHR Induces Apoptosis of Human Plasma Cells {#s3a}
-------------------------------------------

To investigate whether DHR induces human plasma cell apoptosis, human plasma cell lines LP1, OPM2, KMS11, and U266 were treated with DHR for 24 h, followed by flow cytometric analysis after being stained with Annexin V-FITC and PI. Annexin V specifically binds to the exposed phosphatidylserine on the apoptotic cell surface while PI can penetrate into dead cells and intercalates with nucleic acid. The Annexin V and PI positive fraction of all four cell lines were raised in a concentration-dependent manner ([Figure 1](#pone-0069911-g001){ref-type="fig"}). For example, apoptotic cells (Annexin V+) were increased from 11.2% and 11.15% in DMSO-treated control group to 47.19% and 23.91% (15 µM DHR), 58.21% and 51.64% (30 µM DHR), in LP1 and OPM2, respectively ([Figure 1](#pone-0069911-g001){ref-type="fig"}). Caspase-associated apoptotic pathway was then analyzed. As shown in [Figure 2A](#pone-0069911-g002){ref-type="fig"}, DHR activated both initiative apoptotic enzymes (caspase-8 and caspase-9) and, the executive apoptotic enzyme (caspase-3). All cleaved forms from three enzymes were increased upon DHR treatment in a concentration-dependent manner in both KMS11 and LP1 cells ([Figure 2A](#pone-0069911-g002){ref-type="fig"}). Because caspase activation is critical for cell apoptosis [@pone.0069911-Miller1], to find out whether caspase activation is involved in DHR-induced apoptosis, KMS11 and LP1 cells were treated with DHR in the absence or presence of the pan-caspase inhibitor-z-VAD-fmk. Western blotting showed that DHR induced caspase-3 activation in a concentration dependent manner, but cleaved caspase-3 fragments were decreased by z-VAD-fmk ([Figure 2B](#pone-0069911-g002){ref-type="fig"}). Next, we evaluated cell apoptosis by Annexin-V and PI staining followed by flow cytometric analysis. It turned out that DHR increased the fraction of Annexin-V positive cells, but this fraction was significantly decreased by the addition of z-VAD-fmk ([Figure 2C](#pone-0069911-g002){ref-type="fig"}). For example, apoptotic cells in LP1 cell line were 43.71% induced by DHR, but it was decreased to 25.46% in the presence of z-VAD-fmk ([Figure 2C](#pone-0069911-g002){ref-type="fig"}). This finding was consistent with previous studies on z-VAD [@pone.0069911-Gao1], [@pone.0069911-Slee1]. All of these thus clearly demonstrated that caspase activation is important for DHR-induced plasma cell apoptosis.

![DHR induces human plasma cell apoptosis.\
Human plasma cell lines LP1, OPM2, KMS11 and U266 were treated with DHR for 24 h. Induction of apoptosis in human plasma cells by DHR was assessed by Annexin V-FITC and propidium iodide (PI) double staining followed by analysis on a flow cytometer.](pone.0069911.g001){#pone-0069911-g001}

![DHR induces human plasma cell death by activating apoptotic pathway.\
**A**, Human plasma cells LP1 and KMS11 were treated with DHR at the indicated concentrations for 24 h. Cell lysates were then prepared and subject to immunoblotting assay against apoptosis-associated proteins caspase-3, -8 and -9. GAPDH were used as a loading control. B, LP1 and KMS11 cells were treated for 24 h with DMSO, DHR, z-VAD-fmk or DHR+Z-VAD-fmk, followed by caspase-3 analysis by Western blotting. C, LP1 and KMS11 cells were treated for 24 h with DMSO, DHR, z-VAD-fmk or DHR+Z-VAD-fmk, followed by Annexin-V-FITC/PI staining and flow cytometric analyses. Pro-casp: pro-caspase; Cle-casp: cleaved caspase.](pone.0069911.g002){#pone-0069911-g002}

The Bcl-2 family proteins are critical regulators of apoptosis and these proteins can be divided into two main groups, anti-apoptotic (such as Bcl-2 and Mcl-1) and pro-apoptotic (such as Bim and Bax) [@pone.0069911-Sheridan1]. As shown in [Figures 3](#pone-0069911-g003){ref-type="fig"}, pro-apoptotic Bim ([Figure 3A](#pone-0069911-g003){ref-type="fig"}) was induced while anti-apoptotic Bcl-2 ([Figure 3B](#pone-0069911-g003){ref-type="fig"}) and Mcl-1 ([Figure 3C](#pone-0069911-g003){ref-type="fig"}) were down-regulated in a concentration-dependent manner by DHR. Therefore, these studies suggested that DHR induced human plasma cell apoptosis.

![DHR dysregulates mitochondrial resident proteins in human plasma cells.\
Human plasma cell lines LP1 and KMS11 were treated with DHR at the indicated concentrations for 24 h. Cell lysates were then prepared and subject to immunoblotting assay against Bim (A), Bcl-2 (B) and Mcl-1 (C).β-actin was used as a loading control.](pone.0069911.g003){#pone-0069911-g003}

DHR Induces Loss of the Mitochondrial Membrane Potential in Human Plasma Cells {#s3b}
------------------------------------------------------------------------------

It is reported that DHR could bind to and inhibit the Complex I (NADH:ubiquinone oxidoreductase) in the mitochondrial respiratory chain by which it blocks the electron transfer from NADH to O~2~ via the transfer of H^+^ ions (protons) across the inner mitochondrial membrane [@pone.0069911-Talpade1]. This blockade results in an insufficient proton gradient across the mitochondrial membrane, or mitochondrial membrane potential (Δψ), a sensitive marker of mitochondrial insult and its reduction has been associated with mitochondrial insult. To view this change induced by DHR, LP1 cells were treated with 10 or 20 µM of DHR for 24 h, followed by staining with tetramethylrhodamine methyl ester (TMRM), a monovalent cationic fluorescent dye widely used for measuring Δψ. Flow cytometric analysis revealed that Δψ was rapidly collapsed in response to DHR, where the potential staining cells (TMRM positive) were left-shifted ([Figure 4A](#pone-0069911-g004){ref-type="fig"}). Next, LP1 cells were treated for 24 h by DHR (10 or 20 µM) and co-stained with Annexin V-FITC and TMRM followed by flow cytometric analysis. As shown in 4B, addition of DHR led to increased fractions of TMRM-negative cells, especially those Annexin-V positive cells. Because TMRM is a sensitive biomarker of mitochondrion insult, to find out the time-course and relationship between mitochondrial damage and cell apoptosis, LP1 cells were incubated with 10 µM of DHR for 0.5 to 24 h followed by TMRM and Annexin V-FITC staining. Flow cytometric analysis indicated that the fractions of TMRM-negative cells were increased upon extension of incubation as shown in [Figure 4C](#pone-0069911-g004){ref-type="fig"}. The significant changes occurred at 8 h after DHR treatment. Interestingly, not all MMP-lost cells were Annexin V positive, suggesting mitochondrial damage was probably earlier than apoptosis.

![DHR leads to mitochondrial membrane potential collapse in human plasma cells.\
LP1 cells were treated with DMSO, 10 or 20 µM of DHR for 24 h, stained by TMRM alone (A) or in combination with Annexin V-FITC (B) followed by flow cytometric analysis. (C) LP1 cells were treated with 10 µM of DHR for indicated time periods, followed by TMRM and Annexin V-FITC staining and flow cytometric analysis.](pone.0069911.g004){#pone-0069911-g004}

DHR Induces Unfolded Protein Response and Endoplasmic Reticulum Stress in Human Plasma Cells {#s3c}
--------------------------------------------------------------------------------------------

The endoplasmic reticulum (ER) contains the majority of cytochrome P450 enzymes involved in xenobiotic metabolism, as well as a number of conjugating enzymes, thus ER is involved in an array of cellular functions and plays important roles in xenobiotic metabolism and toxicity [@pone.0069911-Cribb1]. Rotenone has been found to induce ER stress in multiple cell models [@pone.0069911-Chen1] which is proposed to be responsible for cell death [@pone.0069911-Goncalves1]. As shown in the above studies, DHR was able to induce human plasma cell apoptosis which is possibly associated with mitochondrial dysfunction. But its association with ER stress is not known. To evaluate whether DHR insults endoplasmic reticulum and triggers unfolded protein response (UPR) in human plasma cells, LP1 and OPM2 were treated by DHR at increasing concentrations, followed by evaluation of the hallmarks of UPR and ER stress. We first examined glucose-regulated protein 78 (GRP78), the sensor of UPR and ER stress and a resident protein on ER membrane, which is induced when UPR is initiated. Immunoblotting analysis indicated that GRP78 was induced by DHR in a concentration-dependent manner and the highest expression level was seen at the treatment with 40 µM of DHR ([Figure 5A](#pone-0069911-g005){ref-type="fig"}). We next evaluated other ER stress-associated signal proteins such as ATF4 and CHOP. Western blotting analyses revealed that these two proteins were increased by DHR in both time- and concentration-dependent manners ([Figures 5B and 5C](#pone-0069911-g005){ref-type="fig"}). Caspase-12, the enzyme specifically responsible for the ER stress-induced apoptosis, was also decreased ([Figure 5D](#pone-0069911-g005){ref-type="fig"}), further suggesting that DHR induces ER stress in human plasma cells.

![DHR activates the ER stress signaling in human plasma cells.\
A, LP1 and OPM2 cells were treated with DHR for 24 h, the expression of GRP78 was then detected by immunoblotting. (B) and (C) LP1 and OPM2 cells were treated DHR for different concentrations and time periods before subject to ATF4 and CHOP analysis. (D) ER-associated caspase-12 was evaluated after exposed to DHR at indicated concentrations for 24 h.](pone.0069911.g005){#pone-0069911-g005}

DHR Activates p38 but not the c-Jun N-terminal Kinase in Human Plasma Cells {#s3d}
---------------------------------------------------------------------------

ER stress is highly associated with p38 and JNK signals [@pone.0069911-Chen2], [@pone.0069911-Park1]. To find out the effects of DHR on these kinases associated with ER stress in human plasma cells, LP1 and OPM2 cells were treated with DHR for 24 h followed by immunoblotting using specific antibodies. As shown in [Figure 6](#pone-0069911-g006){ref-type="fig"}, DHR markedly induced phosphorylation of p38, but not JNK in both examined cell lines. In contrast, DHR suppressed the activation of JNK. This finding was differently from previous reports where both JNK and p38 were activated in rotenone-induced ER stress [@pone.0069911-Deng1], suggesting that DHR probably acted in its own manner in human plasma cells.

![DHR activates p38 MAP kinase but suppresses JNK kinase in human plasma cells.\
LP1 and OPM2 cells were treated with DHR at indicated concentrations followed by immunoblotting analyses for p38 (A) and JNK (B) against specific antibodies. GAPDH was used as an internal loading control.](pone.0069911.g006){#pone-0069911-g006}

The p38 MAP Kinase Contributes to DHR-induced Human Plasma Cell Apoptosis {#s3e}
-------------------------------------------------------------------------

To further evaluate the effect of p38 activation on DHR-induced human plasma cell apoptosis, LP1, OPM2, RPMI-8226, and U266 cells were treated with DHR for 30 or 60 min, followed by detection of p38 activation using specific antibody against phosphorylated p38. It showed that p38 was activated by DHR in all examined cell lines ([Figure 7A](#pone-0069911-g007){ref-type="fig"}). DHR induced p38 phosphorylation was time-dependent. As shown in [Figure 7B](#pone-0069911-g007){ref-type="fig"}, activated p38 signal was detected at 5 min after DHR treatment, and the highest level was seen at 240 min. Next, we evaluated the effects of DHR on cell death when p38 activation was blocked by SB203580, a specific inhibitor of p38. Pre-treatment with SB203580 attenuated activation of p38 by DHR ([Figure 7C](#pone-0069911-g007){ref-type="fig"}). To further evaluate the effect of p38 activation on plasma cell apoptosis, LP1 and OPM2 cells were pre-treated with SB203580 for 30 min, followed by DHR for 12 or 24 h. Immunoblotting assay demonstrated that both cleavage of PARP and caspase-3 were partly attenuated by SB203580 ([Figure 7D](#pone-0069911-g007){ref-type="fig"}). Because PARP and caspase-3 are key apoptotic markers [@pone.0069911-Miller1], these results confirmed that p38 MAP kinase pathway contributed to DHR-induced plasma cell apoptosis.

![DHR activates p38 phosphorylation which is important for DHR-induced human plasma cell apoptosis.\
(A) Human plasma cell lines LP1, OPM2, RPMI-8226, and U266 were treated with 10 µM of DHR for 30 or 60 min, followed by p38 phosphorylation analysis. The relative phosphorylated level of p38 to GAPDH was calculated by Quality One software. (B) LP1 cells were treated by DHR at indicated time points to examine p38 activation. (C) LP1 and OPM2 were pre-treated with p38 inhibitor SB203580 (2 µM) for 30 min, followed by DHR (20 µM) for 30 min. (D) LP1 and OPM2 were pretreated with SB203580 (2 µM) for 30 min, followed by DHR (20 µM) for 12 or 24 h. Cell lysates were analyzed by specific antibodies. GAPDH was used as an internal loading control. Pro-casp-3: pro-caspase-3; Cle-casp-3: cleaved caspase-3.](pone.0069911.g007){#pone-0069911-g007}

Discussion {#s4}
==========

In the above studies, we investigated the effects on DHR on human plasma cell apoptosis and underlying mechanisms. DHR is the catalytic reduction product of rotenone at the isopropylene side chain by *C. blakesleean*a [@pone.0069911-Sariaslani1]. Although several compounds can be isolated from rotenone metabolites, DHR is the only active one in killing pests and insects by inhibiting the electron transport chain [@pone.0069911-Higgins1]. DHR is less toxic than rotenone in the acute toxicity evaluation in rats by oral administration [@pone.0069911-Ambrose1], but it also induces Parkinson's syndrome, which suggested that DHR might be toxic in chronic exposure [@pone.0069911-Ambrose1]. Because mitochondrial insult is a major factor in induction of cell death, there is no wonder that DHR can induce human plasma cell apoptosis as demonstrated in [Figure 1](#pone-0069911-g001){ref-type="fig"}. This apoptosis induced by DHR in human plasma cells is associated with downregulation of pro-survival proteins (such as Bcl-2 and Mcl-1) and upregulation of pro-apoptotic proteins such as Bim. Because these proteins are critical for maintenance of mitochondrial membrane integrity and membrane potential, thus DHR-induced MMP collapse further demonstrated that DHR was toxic to mitochondria.

In addition to mitochondria, ER is also an important organelle in regulating cell apoptosis. Mitochondria and ER interact both physically and functionally via the mitochondria-associated ER membrane, a linkage between the duo [@pone.0069911-Simmen1]. Mitochondria dysfunction is believed to induce UPR and ER stress featured with induced expression of GRP78 and CHOP [@pone.0069911-Lee1]. This was also observed in DHR-treated human plasma cells. After treatment with DHR, ER stress hallmarks including GRP78, ATF4, and CHOP were induced in a concentration-dependent manner. GRP78, an ER resident molecular chaperone, binds to newly-synthesized proteins as they are translocated into the ER, and maintains them in a state competent for subsequent folding and oligomerization. Therefore, GRP78 is a central regulator of ER homeostasis and a sensor of ER stress. When unfolded or misfolded proteins are overloaded, the interaction between GRP78 and their partners is destabilized thus inducing UPR. In this study, GRP78 was markedly induced in both LP1 and OPM2 cells exposed to DHR, suggesting ER stress was initiated by DHR. Under ER stress, all PERK, ATF6 and Ire1 signals converge to induced transcription of CHOP [@pone.0069911-Szegezdi1], a central transcription factor in ER stress. Increased concentrations or extended treatment periods lead to more expression of CHOP by DHR ([Figure 5B](#pone-0069911-g005){ref-type="fig"}). We also found that DHR activated caspase-12, an initiating apoptotic enzyme responsible for ER stress-induced cell apoptosis [@pone.0069911-Szegezdi2]. This finding further demonstrated that ER stress was involved in DHR-induced cell death.

The mitogen-activated protein kinases (MAPKs) mainly including ERK, p38 and JNK, are involved in the development and progression of cancer and are also associated with ER stress. ERK1/2 are activated by growth factors, while p38 and JNK are mainly activated by cellular stresses [@pone.0069911-Keshet1]. The present results showed that DHR-induced activation of p38 ([Figure 7](#pone-0069911-g007){ref-type="fig"}), and the inhibition of p38 by SB203580 led to an ablation of DHR-induced apoptosis ([Figure 7D](#pone-0069911-g007){ref-type="fig"}). These results revealed a strong correlation between the level of p38 activation and sensitivity to DHR toxicity. However, DHR failed to activate the JNK signaling pathway in human plasma cells which is critical for rotenone [@pone.0069911-Deng1], suggesting that DHR induces ER stress in a manner different from rotenone. However, activation of p38 and inactivation of JNK are possibly equally important for DHR-induced human plasma cell death because these two pathways also have antagonistic effects [@pone.0069911-Ichijo1]. Recently, p38-dependent Fas-mediated apoptosis was found to be potentiated by the inhibition of JNK1/2 [@pone.0069911-Tourian1]. Down-regulation of JNK activity associated with ER stress was observed in dexamethasome-treated OCI-MY5 cells in which dexamethasome-induced apoptosis does not involve activation of JNK [@pone.0069911-Chauhan1]. Therefore, the lack of activation of JNK by DHR in human plasma cells suggests that antagonistic effect of p38 and JNK in DHR-induced apoptosis.

In summary, this study demonstrated that DHR exposure leads to human plasma cell death in association with mitochondrial dysfunction, ER stress and p38 signaling. Because plasma cells are an important component of the immune system, the present study suggested that DHR probably interferes with the immune system. With the emerging need of the organic produces, exposure to DHR is also increasing, therefore, safety assessment of DHR and other rotenoids should be cautious.
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